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Introduction
BMS-823778 is a potent and selective inhibitor for 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) [1] , a microsomal enzyme that regulates tissue concentration of biologically active cortisol [2] [3] [4] [5] and a compelling target for the treatment of metabolic diseases including type-2 diabetes, dyslipidaemia and obesity [6] [7] [8] [9] . In a phase 1 combined single ascending-dose (SAD) and multiple ascending-dose (MAD) study in normal healthy volunteers, BMS-823778 was well tolerated with no severe drug-related adverse effects [10] . In vitro reaction phenotyping studies of BMS-823778, prompted by the large pharmacokinetic (PK) variability in SAD/MAD, demonstrated that the metabolism of BMS-823778 was mainly mediated by polymorphic CYP2C19, with minor contribution from CYP3A4/5 and UGT1A4 [11] .
CYP2C19 is one of the most important CYP enzymes responsible for the metabolism of many clinically used drugs [12] [13] [14] . To date, >30 allelic variants of the human CYP2C19 gene have been identified, of which CYP2C19*2 and CYP2C19*3 are the most important as they account for the majority of the variants seen in many populations [15, 16] . Both variants generate truncated enzymes with no enzyme activity, as opposed to CYP2C19*17 which is associated with increased enzyme expression and catalytic activity. Subjects with *1/*1 genotype are considered extensive metabolizers (EMs), subjects with *1/*2 or *1/*3 are considered intermediate metabolizers (IMs) and subjects with *2/*2, *2/*3 and *3/ *3 are considered poor metabolizers (PMs) [15, 17] . UGT1A4 is a polymorphic enzyme involved in the metabolism of several drugs including lamotrigine, tamoxifen and clozapine [18, 19] . Substrate-dependent enzyme activity of UGT1A4 has been reported with the most common genetic variants (*2 and *3) [20] .
The impact of polymorphisms on the PK of BMS-823778 was investigated in clinical studies in Chinese and Japanese subjects, as well as in human mass-balance study with healthy volunteers [10] . A direct correlation between genetic variation of CYP2C19 and BMS-823778 clearance was observed in all studies. In general, the clearance of BMS-823778 was~4-5 fold lower in CYP2C19 PMs compared to EMs. By contrast, genetic polymorphism of CYP3A5 and UGT1A4 did not seem to impact PK of BMS-823778 in subjects who were CYP2C19 EMs or IMs. However, in a CYP2C19 PM subject, genetic polymorphism (*1/*2) of UGT1A4 appeared to further reduce the clearance of BMS-823778 [10] . Because of limited number of subjects in the study, the impact of UGT1A4 or CYP3A5 polymorphisms on the PK of BMS-823778 in subjects with predicted CYP2C19 PM phenotype was not fully characterized. In addition, drug-drug interaction (DDI) with inhibitors of CYP2C19, UGT1A4 or CYP3A4/5 is likely to be dependent on the subject's genotype, and thus DDI studies need to be carefully designed and may have practical limitations from subject recruitment perspective. Significant DDI with an inhibitor drug in subjects with certain genotypes can potentially lead to safety and tolerability issues, and poses challenges on drug development or even leads to program termination. Therefore, the ability to predict DDIs with inhibitors of metabolizing enzymes for BMS-823778 or other drug candidates which are substrates of multiple polymorphic enzymes are highly desirable and essential in informing dosing with concomitant medications in clinical studies.
Physiologically-based PK (PBPK) models are widely used in the pharmaceutical industry in various stages during drug discovery and development to enable decision making [21] [22] [23] [24] . PBPK modelling and simulation integrate both system-dependent and drug-dependent parameters to quantitatively predict the time course of plasma concentration of a drug candidate in virtual populations [23, 25] , and are very useful in assessing potential DDIs with coadministered drugs, impact of genetic polymorphism and ethnicity on systemic exposures, and drug exposures in special populations [26] [27] [28] [29] . The current study describes the development of a PBPK model for BMS-823778 incorporating pharmacogenetic information, and the simulations with the verified PBPK model to predict PK of BMS-823778 and DDI with a strong CYP3A4 inhibitor in subjects with multiple polymorphic genes. The objective was to use BMS-823778 as an example to further demonstrate the utility of mechanistic PBPK modelling/simulation to yield crucial insights into the likelihood of changes in PK in scenarios in which clinical studies are practically challenging or not feasible.
Methods

General model development workflow
The PBPK model of BMS-823778 was built and verified with a population-based simulator (Simcyp version 15; Certara L.P., Sheffield, UK). A hybrid bottom-up and top-down approach was used for model development. First, physicochemical properties and absorption, distribution, metabolism and excretion (ADME) parameters determined from in vitro experiments or from in silico prediction in Simcyp were used to construct the initial PBPK model. Comparative simulations leveraging available pharmacogenetic and PK data from the clinical studies in healthy male subjects (mainly Caucasian), Chinese and Japanese subjects with various CYP2C19 and UGT1A4 functionality were then performed to optimize the ADME parameters. For each simulation, 10 trials with 10 subjects in each trial were conducted to evaluate variability across study groups. Finally, the verified model was applied to predict PK in subjects with multiple polymorphic enzymes and extent of DDI when coadministered with a strong inhibitor of CYP3A4 (itraconazole, 200 mg solution, fasted, once daily).
Virtual populations
All clinical trial simulations of BMS-823778 were performed with Simcyp virtual populations of Caucasian, Chinese and Japanese generated by matching age distribution and gender ratio to the actual study data. PBPK modelling of PK from human mass balance study was performed with Simcyp virtual Caucasian population since the majority of the subjects in the human ADME study were Caucasians (11 out of 14 subjects). Virtual populations with predicted CYP2C19 and UGT1A4 EM, IM and PM phenotypes were generated by setting frequency to 1 for a particular phenotype and 0 for the others in the demographic setting of each population. Intrinsic catalytic activity of CYP3A4, CYP2C19 and UGT1A4 per unit amount of enzyme were assumed to be the same in Caucasian, Chinese and Japanese. Enzyme expression levels of CYP2C19, CYP3A4 and UGT1A4 in Caucasian and Chinese were pre-defined in Simcyp (version 15) and remained unchanged during simulation. Simcyp default CYP2C19 expression levels in Japanese population are 1 pmol mg -1 protein in liver and 0.57 pmol mg -1 protein in intestine. However, the PBPK model significantly over-predicted plasma concentrations of BMS-823778 in Japanese CYP2C19 EM or IM subjects with the default CYP2C19 expression levels. Thus CYP2C19 expression was adjusted to 8 pmol mg -1 in liver and 0.85 pmol mg -1 in intestine to match the observed PK. Mean enzyme activity of human liver microsomes with CYP2C19*1/*2 and *1/*3 genotypes toward the oxidation of BMS-823778 was approximately half of those with CYP2C19*1*1 genotype [11] , and thus the expression levels of CYP2C19 in the IM virtual population were re-defined as half of these in EM subjects in both liver and intestine in order to reduce CYP2C19 activity. Assuming subjects with the predicted CYP2C19 PM phenotype have no enzyme activity, the expression levels were set at 0 pmol mg -1 in the PM subpopulation in both liver and intestine. Similar approach was applied to the virtual populations of UGT1A4 with PM phenotype.
Clinical PK studies for model development PK data of BMS-823778 for model development and verification were generated from three clinical studies in healthy volunteers, where subjects were genotyped for CYP2C19, CYP3A5 and UGT1A4 prior to or post-treatment [10] . These include a single dose human mass balance study in healthy male volunteers (11 White, two Asian and one Black); a single and multiple dose study in Chinese subjects; and a multiple dose study in Japanese subjects. The number of subjects and dose levels of BMS-823778 in each study are summarized in Table 1 . Prior to these studies, a combined phase 1 SAD/MAD study was conducted in healthy volunteers to evaluate PK and tolerability of BMS-823778 [10] . However, genotyping was not performed in the study due to the lack of reaction phenotyping data prior to study initiation. Thus, PK from the SAD/MAD study was not used for model development.
Input parameters for PBPK model development
Physicochemical properties and blood binding. The physicochemical and ADME parameters of BMS-823778 are summarized in Table 2 . BMS-823778 is a weak base with an acid dissociation constant (pK a ) of 3.5. It is bound to proteins in human plasma with a free fraction (f u ) of 15%, determined with an equilibrium dialysis method. The blood/plasma partition ratio was determined to be 0.8.
Absorption.
Advanced dissolution, absorption and metabolism (ADAM) model was used to describe the absorption after oral dosing. In vitro permeability was determined in a Caco-2 cell bi-directional permeability assay (Supporting Information). Permeability coefficients (Pc) from basal-to-apical and from apical-to-basal were 5.26 × 10 -5 and 5.24 × 10 -5 cm/s, respectively, suggesting that BMS-823778 is highly permeable and is likely not a substrate of efflux transporters. Effective permeability (Peff, 7.01 × 10 -4 cm/s) of BMS-823778 in humans was predicted with a Simcyp built-in algorithm based on in vitro Caco-2 permeability results. Because of rapid dissolution of the capsule formulation in simulated intestinal fluid, a solution formulation was used in the model.
Distribution
. A full PBPK model was used to maximize the mechanistic structure. A perfusion-limit liver model was used since BMS-823778 does not appear to be a substrate of efflux or uptake transporters based on Caco-2 bidirectional permeability and hepatocyte uptake assay (Supporting Information). Tissue:plasma partition coefficients (K p ) in various organs including liver, kidney, spleen, adipose, bone, heart, gut, muscle and skin were directly taken from a rat tissue distribution study that was conducted with quantitative whole body autoradiography following a single dose of [
14 C]BMS-823778 to Long-Evans rats (Supporting Information). Steady state volume of distribution (Vss) was predicted based on the individual input K p values in the aforementioned tissues with a global K p scalar of 1, using the Rodgers and Rowland method in Simcyp [30] . The predicted Vss (1.88 l kg -1 ) was in the range of clinically observed values (Vss/F ranged from 1.6-2.1 l kg -1 in SAD/MAD study) [10] .
Elimination. Renal clearance (CL R ) of BMS-823778 in various populations was directly measured in the clinical studies, and a mean observed value of 0.007 l h -1 was applied in the model. Biliary clearance (CL int,bile ) was estimated based on biliary elimination of BMS-823778 from a bile duct-cannulated monkey study (Supporting Information) by assuming that % dose eliminated through biliary as intact drug (15% in monkey) was similar across species. CYP3A4/5 was a minor metabolic pathway in the clearance of BMS-823778 [11] . The impact of CYP3A5 polymorphism on the PK of BMS-823778 was not well understood. Thus, CYP3A5 pathway was not modelled alone but was rather combined into CYP3A4 pathway in the model. Michaelis-Menten enzyme kinetics of CYP2C19 and CYP3A4, determined with CYP supersomes, were used to describe metabolic clearance of BMS-823778 in Simcyp. Intersystem relative expression factor (REF), a scaling factor to correct the difference between liver or intestine subcellular fraction and in vivo enzyme expression, was used to optimize the enzyme activity of CYP3A4 and CYP2C19 to match the existing clinical PK data. Enzyme activity of UGT1A4 could not be determined in vitro with UGT supersomes because of low turnover. CL int of UGT1A4 was estimated by Simcyp with a sensitivity analysis in the Chinese and Japanese subjects with predicted CYP2C19 PM phenotype by fixing CL int values of other pathways Tissue:plasma partition coefficients were taken directly from the rat tissue distribution study; Kp values are listed in Table S1 (Supporting Information). CL int , intrinsic clearance; CL R , renal clearance; F%, bioavailability; f a , fraction absorbed; f g , fraction escaped gut metabolism; f h , fraction escaped hepatic first metabolism; F ugut , unbound fraction in enterocytes; K m , Michaelis-Menten constant; K p , tissue to plasma partition coefficient; LogPo:w, partition coefficient between octanol and water; MW, molecular weight; P eff,man , effective permeability; pKa, negative logarithm of the acid dissociation constant; REF, relative expression factor; V max , maximum rate; V ss , volume of distribution including CYP3A4, biliary and urine excretion. UGT1A4 was more sensitive to the total clearance of BMS-823778 in the PM subjects and its enzyme activity was better optimized using PK data from CYP2C19 PM subjects. The difference on enzyme activity in relation to the predicted CYP2C19 and UGT1A4 phenotypes was reflected in the expression levels of each enzyme in both liver and intestine in the predefined subpopulation as described previously, rather than by changing CL int .
Model refinement through PK simulation in Caucasian, Chinese and Japanese populations
Primary model parameters to be optimized included CL int of UGT1A4, CL int,bile and REF of CYP3A4 and CYP2C19. As the first step in model development, a total of 10 trials with 10 subjects in each trial were simulated with the initial base model in CYP2C19 EM and PM Caucasian subjects (male only, age 19-34 years) after receiving a single oral dose of BMS-823778 (10 mg). Plasma concentrations were simulated up to 504 h postdose and the simulated PK profiles were compared to the existing clinical data from human mass balance study to ensure that simulated PK profiles were comparable to the observed data. Since multiple pathways were involved in the clearance of BMS-823778, fraction of metabolism/elimination (f m /f e ) of CYP2C19, UGT1A4 and biliary pathways were estimated from the clinical data. These f m /f e values were critical in defining CL or REF of each clearance pathway. Given that simulated apparent clearance (CLT) of CYP2C19 EMs was 4-5-fold high than PMs in different populations [10, 11] , the f m through CYP2C19 metabolism was estimated to be 75-80%. In addition, UGT1A4 polymorphism increased exposure of BMS-823778 by approximately 50% in a CYP2C19 PM subject, an f m 0.5 was assumed for UGT1A4 pathway in subjects who are devoid of CYP2C19 activity. Fraction of biliary elimination in humans was assumed to be same as in monkeys (0.15). The optimized PBPK model was validated through simulations in virtual Chinese (male only, age 20-55 years) at 2 mg and 15 mg of BMS-823778, and in virtual Japanese populations (male only, age 20-55 years) at 2, 12 and 25 mg of BMS-823778. Simulations were conducted in populations with various predicted CYP2C19 phenotypes after single and multiple doses of BMS-823778. An acceptance criterion was applied when evaluating acceptability of predictions to ensure that predicted values to be within 2-fold of the observed values. The demographics of the subjects in virtual clinical trials in all populations were consistent with the actual clinical studies. To match the actual study design, the Japanese subjects received daily dose of BMS-823778 for 14 days and plasma concentrations were simulated up to 168 h after the last dose. For the Chinese study, a custom trial design was implemented in Simcyp where PK samples were collected up to 120 h after the first dose, and the second dose was administered on day 6 followed with once daily dose of BMS-823778 until day 17.
Prediction of BMS-823778 PK in CYP2C19 PMs with different UGT1A4 genotypes
Following the development of BMS-823778 PBPK model, BMS-823778 plasma concentration-time profiles of BMS-823778 was simulated in Caucasian CYP2C19 PMs (male only, age 20-55 years) carrying wild-type (normal activity) or polymorphic UGT1A4 (without UGT1A4 activity) following multiple doses of BMS-823778 at 10 mg (once every 3 days, total of 20 doses) for 70 days. Plasma concentrations were simulated up to 240 h post dose after the last dose of BMS-823778. Minimum plasma concentration of BMS-823778 was used to evaluate the time for reaching steady state in different subpopulations, and area under the curve [AUC(0-72 h)] of day 1 and day 60 were calculated to estimate the accumulation index.
Evaluation of DDI with CYP3A4 inhibitor in Caucasians with various polymorphic genes
Potential DDI with a CYP3A4 inhibitor (itraconazole, 200 mg solution, once daily) was evaluated through the simulation with the PBPK model. The primary metabolite of itraconazole, OH-itraconazole, was also included as an inhibitor of CYP3A4. The inhibitor PBPK models of itraconazole and OH-itraconazole in Simcyp compound library was used directly for DDI simulations and their primary model parameters are summarized in the Supporting Information. Plasma concentrations of BMS-823778 in the presence or absence of itraconazole were simulated for 10 trials each containing 10 healthy Caucasian subjects (male only, age 20-55 years) with various predicted CYP2C19 phenotypes at different levels of UGT1A4 activity. For each simulation, itraconazole was administrated once daily for 11 days starting on day 1, with the dose level and dosing formulation all predefined in Simcyp. A single oral dose of 10 mg BMS-823778 was administered concomitantly with the inhibitor on day 4. The AUC(INF) ratios with/without co-medication were estimated to assess the extent of DDI.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [31] , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2017/18 [32] .
Results
PBPK model performance in Caucasians following a single dose of BMS-823778
The simulated and observed mean concentration-time profiles of BMS-823778 following a single dose of 10 mg BMS-823778 to CYP2C19 EM and PM Caucasians are illustrated in Figure 1 . The PBPK model aligned well with the observed plasma concentration-time profiles. In addition, after reducing the UGT1A4 activity by 50%, the model was able to describe the PK profile in the subject (Caucasian) with the predicted CYP2C19 PM phenotype and UGT1A4*1/*2 genotype in which the exposure of BMS-823778 was~50% higher than typical CYP2C19 PMs (normal UGT1A4 activity) [11] . The simulated and observed apparent clearance (CLT/F) values of BMS-823778 in different subpopulations are summarized in Table 3 . The ratios of predicted/observed CLT/F in CYP2C19 EM and PM subjects ranged from 0.88-1.06, well within the acceptance criteria (within 2-fold between simulated and observed values).
PBPK model performance in Chinese and Japanese populations with different genotypes
The simulated and observed PK profiles of BMS-823778 following single and multiple daily-doses to healthy Chinese subjects are illustrated in Figure 2 , and the predicted and observed CLT/F in Chinese subjects with various predicted CYP2C19 phenotypes are summarized in Table 3 . The PBPK model described the observed concentration-time profiles at 15 mg BMS-823778 both on day 1 and after the last dose. The ratios of predicted/observed geometric mean for the CLT/F ranged from 0.89-1.13 (Table 3) . Exposure differences between various predicted CYP2C19 phenotypes were also accurately captured by the PBPK model in Chinese populations at 15 mg dose. At 2-mg dose of BMS-823778, the PBPK model over-predicted the maximum plasma concentration and AUC (INF) in Chinese subjects after the first dose. However, the model was able to describe the exposure of BMS-823778 at steady state after multiple daily-doses of BMS-823778.
In the Japanese subjects, PK of BMS-823778 was simulated following daily doses (2, 12 and 25 mg) for 14 days. The model reasonably recovered PK profiles in CYP2C19 PM subjects (Figure 3) , but significantly over-predicted plasma concentrations of BMS-823778 in CYP2C19 EM or IM subjects with the Simcyp default CYP2C19 expression levels in both liver and intestine ( Figure S1 , Supporting Information). In order to describe the concentration-time profiles of BMS-823778, the expression levels of CYP2C19 in both liver and intestine were adjusted by comparing the simulated PK profiles to the observed clinical data. It was found that using the similar abundance of CYP2C19 to those in Chinese population (8 pmol mg -1 protein in liver and 0.85 pmol mg -1 protein in intestine), the PBPK model accurately recovered observed clinical data from the Japanese CYP2C19 EM and PM subjects (Figure 3 ). Simulated CLT/F values from 10 trials were in good agreement with the observed values (Table 3) . Similar to the Chinese subjects, the PBPK model was able to describe the PK profiles at 2 mg only after multiple dose of BMS-823778. Day 1 exposure of BMS-823778 at 2 mg was significantly over-predicted by the model.
Prediction of BMS-823778 PK in CYP2C19 PMs with different UGT1A4 functionality
The time course of BMS-823778 plasma concentration after multiple doses was simulated with the verified PBPK model in CYP2C19 PMs with various UGT1A4 genotypes. Based on the previous clinical data, it was assumed that polymorphic UTG1A4 has reduced enzyme activity. The simulated concentration-time profiles following 10 mg of BMS-823778 (once in 3 days, total of 20 doses) are illustrated in Figure 4 , and PK parameters are summarized in Table 4 . High exposure of BMS-823778 was predicted in CYP2C19 PM subjects who were devoid of UGT1A4 functionality,~1.8 fold higher at steady state than subjects with UGT1A4*1/*1 genotype (normal enzyme activity). Steady state was reached after 9 and 20 doses of BMS-823778 in subjects with wild-type or polymorphic UGT1A4 (assuming zero enzyme activity), respectively. Accumulation index of BMS-823778 ranged from 3.2 in subjects with normal UGT1A4 activity to 5.2 in subjects who were devoid of UGT1A4 functionality.
Simulation of DDI with CYP3A4 inhibitor
The effect of itraconazole on the PK of BMS-823778 was evaluated with the verified PBPK model in subjects with
Figure 1
Comparison of observed and predicted plasma concentration-time profiles of BMS-823778 following a single oral dose at 10 mg to healthy subjects with (A) CYP2C19 extensive metabolizers; (B) CYP2C19 poor metabolizers with UGT1A4*1/*1 genotype (normal activity); and (C) CYP2C19 poor metabolizers with UGT1A4*1/*2 genotype (simulated as 50% activity). Observed data: open circles; mean simulated profile: black line; individual simulated profile: grey line various predicted CYP2C19 phenotypes at different levels of UGT1A4 activity. Simulated exposures of itraconazole and OH-itraconazole are summarized in Table S3 (Supporting Information) and were in the range of reported values [33, 34] . As summarized in Table 5 , itraconazole had little impact on BMS-823778 exposure in CYP2C19 EMs, regardless of UGT1A4 activity. Moderate increase in AUC (1.9×) was observed when BMS-823778 was coadministered with itraconazole to the CYP2C19 PM subjects with wild-type UGT1A4 (normal enzyme activity). In subjects who were devoid of both CYP2C19 and UGT1A4 functionality, BMS-823778 exposure was increased by 8.5-fold when coadministered with itraconazole.
Discussion
The aim of present work was to develop a mechanistic PBPK model for BMS-823778, a substrate of multiple polymorphic enzymes. Pharmacogenetic studies have demonstrated a direct correlation between predicted CYP2C19 phenotype and in vivo clearance of BMS-823778 [10] . However, the impact of polymorphism of UGT1A4 on the PK of BMS-823778 has not been adequately characterized, and the significance of DDI in the presence of enzyme inhibitors in subjects with various genetic polymorphisms is unknown. The strategy of the present work was to use pharmacogenetic and PK data to develop and validate a PBPK model, and then use the model to predict PK profiles of BMS-823778 as well as DDI potential with perpetrator drugs in subjects with various CYP2C19 and UGT1A4 functionality.
A base model with ADAM in absorption and full PBPK in distribution was constructed based on physicochemical properties, in vitro ADME parameters and rat tissue distribution data. In vivo clearance of BMS-823778 was significantly underestimated with the in vitro enzyme kinetic values. Therefore, relative expression factors for CYP2C19 and CYP3A4 were introduced and subsequently optimized by comparing the simulated plasma concentration-time profiles to the observed clinical data. The refined model accurately recovered plasma concentration-time profiles of BMS-823778 from the single dose human ADME study in healthy volunteers and the study in Chinese subjects with predicted CYP2C19 EM, IM or PM phenotypes, following single or multiple doses of BMS-823778. Simulated apparent clearance CLT/F values in subjects with different predicted CYP2C19 phenotypes were consistent with the observed values from both studies. Furthermore, a 4-5-fold difference in exposure between CYP2C19 EM and PM subjects was simulated for both Caucasian and Chinese populations which was closely matched with clinical results, demonstrating that the impact of CYP2C19 genetic polymorphism on the PK of BMS-823778 was accurately captured by the model.
In Japanese subjects, however, even though the model reasonably described the time course of plasma concentration of BMS-823778 in those with predicted CYP2C19 PM phenotype, it significantly over-predicted the exposure in CYP2C19 EM or IM subjects. The discrepancy between simulated and observed PK in subjects with CYP2C19 activity indicated that Simcyp default enzyme expression for CYP2C19 might not represent the majority of Japanese population. The default liver expression of CYP2C19 in Simcyp was 14, 8 and 1 pmol mg -1 protein in Caucasian, Chinese and Japanese, respectively. It has been reported that CYP2C19 expression level in Japanese might be underestimated in Simcyp because of over-prediction of omeprazole exposure in Japanese subjects by the Simcyp model [27] . Subsequently the authors increased CYP2C19 liver expression (4.77 pmol mg -1 protein) in Simcyp virtual Japanese population to describe the in vivo clearance of omeprazole [27, 35] . In the current study, the model was able to predict the PK in Japanese EM and IM subjects when both liver and intestine CYP2C19 expressions were adjusted to the same levels as in Chinese population. Overall, the PBPK model of BMS-823778 could describe the exposure differences between the different ethnic groups with the adjusted enzyme abundance suggesting that the virtual population in Simcyp can be used to predict the clearance of CYP2C19 substrates when the enzyme expression levels are accurately defined. The PBPK model over-predicted day-1 PK of BMS-823778 at low doses in both Chinese and Japanese studies. This might be due to the nonlinear PK of BMS-823778 after the first dose at low dose levels [10] . In the SAD study, there was a greater than dose-proportional increase in exposure in the dose range of 2-12 mg. However, when exposure has reached steady state after multiple daily-doses of BMS-823778, the exposure increased largely proportionally to dose even at low doses [10] . The PBPK model was not able to capture the nonlinear PK because of unknown mechanism for the relatively low exposure of BMS-823778 after the first dose at low dose levels.
Direct association between UGT1A4 genotype and phenotype has not been established. The impact of polymorphism on UGT1A4 enzyme activity appeared to be substratedependent [20] . PK from human mass balance study suggested that polymorphic UGT1A4 could have reduced enzyme activity for the metabolism of BMS-823778 [10] . However, only one subject was identified with UGT1A4 genetic variation who was also a CYP2C19 PM, and the impact of UGT1A4 polymorphism needs to be tested further in the clinical study. The challenge would be to recruit enough CYP2C19 PMs carrying UGT1A4 allelic variants because of low frequency of these special populations. PBPK model has the advantage of using virtual populations with various genotypes for PK simulation to provide crucial insight in the PK of BMS-823778 in rare populations which otherwise would be difficult to recruit. In the present study, the impact of UGT1A4 polymorphism on the clearance of BMS-823778 in CYP2C19 PMs was investigated with the verified PBPK model. Assuming normal enzyme activity for wild-type UGT1A4 and no activity for polymorphic UGT1A4, higher exposure, longer T-half and greater accumulation at steady state was predicted in CYP2C19 PMs with polymorphic UGT1A4, comparing to those with wild-type UGT1A4 (Table 4 ). The results suggested that UGT1A4 could be an important pathway in the clearance of BMS-823778 in CYP2C19 PMs, retrospectively supporting the previous hypothesis on the reduced activity of polymorphic UGT1A4 towards the metabolism of BMS-823778. In the current PBPK model, CL int of UGT1A4 pathway was estimated by fitting the model to the observed PK, instead of being characterized with UGT supersomes. Simulation with the PBPK model could be misleading if exposure increase in the subject with UGT1A4*1/*2 genotype resulted from intersubject variability rather than UGT1A4 activity change due to polymorphism. Further in vitro study is recommended to directly correlate the enzyme activity with different genotypes of UGT1A4 for the glucuronidation of BMS-823778.
Clinical pharmacogenetic studies in subjects with various CYP2C19 genotypes demonstrated the important role of CYP2C19 in the clearance of BMS-823778. The exposure difference between CYP2C19 EM and PM subjects provided a quantitative measure of the maximum DDI when BMS-823778 is coadministered with a strong CYP2C19 inhibitor. CYP3A4 was a minor clearance pathway but its contribution could increase significantly in CYP2C19 PMs, particularly in subjects lacking functionality of both CYP2C19 and UGT1A4. Thus, DDI of BMS-823778 with CYP3A4 inhibitors is probably dependent on the genotypes of CYP2C19 and
Figure 4
Simulated plasma concentration-time profiles of BMS-823778 following oral doses (once every 3 days, total 20 doses) at 10 mg to CYP2C19 poor metabolizers with (A) UGT1A4 *1/*1 genotype (normal activity); and (B) polymorphic UGT1A4 (simulated with no enzyme activity) Table 4 Summary statistics of simulated BMS-823778 pharmacokinetic with the physiologically based pharmacokinetic model following oral doses (once every 3 days) at 10 mg to CYP2C19 PM Caucasians with different UGT1A4 genotypes UGT1A4. To estimate the DDI with a strong CYP3A4 inhibitor, PK of BMS-823778 was simulated in the presence or absence of itraconazole in subjects with various CYP2C19 and UGT1A4 genotypes. Mild to moderate DDI was predicted when BMS-823778 was co-administered with itraconazole in subjects who have either CYP2C19 or UGT1A4 activity. By contrast, significant DDI with itraconazole was predicted in the CYP2C19 PM subjects with polymorphic UGT1A4 where CYP3A4 became a major clearance pathway for BMS-823778.
Conclusions
We have developed a PBPK model for BMS-823778 using clinical pharmacogenetic data that accurately predicted human PK following a single or multiple doses of BMS-823778 to Caucasian, Chinese and Japanese populations. In addition, the PBPK model was able to describe the exposure differences in subjects with different predicated CYP2C19 phenotypes. Simulations with the verified PBPK model in subjects with various CYP2C19 and UGT1A4 activities indicated that UGT1A4 could be an important clearance pathway in CYP2C19 PMs. The extent of DDI with itraconazole was dependent on the genotypes of CYP2C19 and UGT1A4, and significant DDI with itraconazole was predicted in subjects who were devoid of both CYP2C19 and UGT1A4 functionality. The verified PBPK model can be simulated further to predict PK of BMS-823778 in special populations, as well as PK in subjects with ultra-metabolizer CYP2C19 *17 genotype if the enzyme activity for CYP2C19 *17 can be determined. Through this particular example, we have further demonstrated how a PBPK model could be developed with pharmacogenetics data and how the mechanistic PBPK model could be used to predict PK and extent of DDI in which clinical studies are practically challenging or not feasible. 
